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Abstract 



The effect of nonmagnetic impurities and the effective masses on the spin- 
dependent transport in a ferromagnet-normal metal-ferromagnet junction is 
investigated on the basis of a two-band model. Our results show that im- 
purities and the effective masses of electrons in two ferromagnetic electrodes 
have remarkable effects on the behaviors of the conductance, namely, both 
affect the oscillating amplitudes, periods, as well as the positions of the reso- 
nant peaks of the conductance considerably. The impurity tends to suppress 
the amplitudes of the conductance, and makes the spin-valve effect less obvi- 
ous, but under certain conditions the phenomenon of the so-called impurity- 
induced resonant tunneling is clearly observed. The impurity and the effective 
mass both can lead to nonmonotonous oscillation of the junction magnetore- 
sistance (JMR) with the incident energy and the thickness of the normal 
metal. It is also observed that a smaller difference of the effective masses of 
electrons in two ferromagnetic electrodes would give rise to a larger amplitude 
of the JMR. 

PACS numbers: 75.70. Cn, 73.40.Jn, 73.40.Gk 
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I. INTRODUCTION 



It is getting realized that the successful control of spin-polarized electrical currents would 
give rise to essential impact in information technology, thereby resulting in that the spin- 
dependent tunneling in hybrid systems of ferromagnetic and normal metals (insulators) has 
attracted much attention during the past years (see, e.g. Refs. [1-4] for review). A nascent 
field dubbed as spintronics, is therefore emerging. Among others, a large number of studies 
on the electrical transport properties in metallic magnetic multilayers show the existence 
of the effect of a so-called giant magnetoresistance (GMR) [5], which is now believed to be 
caused by spin-dependent scattering in the systems. Since its potential applications, the 
GMR effect has been actively studied both theoretically and experimentally in recent years 
(see, e.g. Refs. [2,6]). 

Apart from the GMR found in metallic magnetic multilayers, the spin- valve effect is ob- 
served in ferromagnetic (FM) tunneling junctions. Following the discovery of spin-polarized 
tunneling of conduction electrons in ferromagnets by Tedrow and Meservey [7] , Julliere was 
the first to observe the effect that the tunneling resistance in an F-I-F junction consisting 
of two FM electrodes separated by an insulating (I) barrier depends strongly on the relative 
orientations of magnetizations, namely the resistance is low when magnetizations in FM 
electrodes are parallel, and the resistance is high when magnetizations in FM electrodes are 
antiparallel, and a two-current model was proposed to interpret the observed large junction 
magnetoresistance in Fe-Ge-Co junctions at 4.2 K by assuming the spin conservation so 
that the tunneling of spin up and spin down electrons undergoes two independent processes 
[8]. The tunneling magnetoresistance has also been observed by Maekawa and Gafvert [9]. 
Treating the F-I-F junction as a single quantum-mechanical system, Slonczewski adopted 
a free-electron model to describe the tunneling of spin-polarized conduction electrons, and 
recovered the spin- valve effect [10]. The extension of Slonczewski's model to a realistic band 
structure based on a tight-binding model was established [11]. Recently, on the basis of scat- 
tering matrix theory the spin- dependent electrical and thermal transport in F-I-F junctions 
was developed at finite bias voltage and at finite temperatures [12]. It is found that not only 
the electrical conductance but also the thermal conductance reveals the spin-valve effect at 
low temperatures. There are also some theories devoted to F-I-F tunneling junctions (see 
Ref. [4] for a review). Moreover, the spin- valve effect can also appear in ferromagnet-normal 
metal-ferromagnet (F-N-F) junctions which may have different transport properties from 
the F-I-F junctions. Johnson was the first to predict the phenomenon of spin accumulation 
in F-N-F junctions, which was soon confirmed in a three-terminal device, and a transis- 
tor effect was observed in such a device [13]. Valet and Fert studied the F-N-F structure 
and applied the Boltzmann equation to the current perpendicular to the plane structure by 
assuming that the thickness of nonmagnetic metallic layer is much shorter than the spin- 
diffusion length. The theory can reduce to Johnson's theory as the thickness of nonmagnetic 
metal is much longer than the spin-diffusion length [14]. By taking into account different 
magnetizations of ferromagnetic reservoirs and spin diffusion in the normal metal, Hernando 
et al studied the equation for the diffusive spin transport in the F-N-F structure and showed 
that the difference between the conductance of the parallel and antiparallel configuration 
can be either positive or negative as a function of the applied magnetic field [15]. Zheng 
et al have investigated a double tunnel junction model describing the F-I-N-I-F structure 
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by means of quantum mechanical approach, and the oscillation of the tunneling conduc- 
tance and the TMR on the spacer's thickness is found [16]. A finite-element method [17] 
and nonequilibrium Green function method [18] has also been applied to the mesoscopic 
junction systems. 

Within the theories above mentioned, the effect of impurities was not much investigated. 
Although it is argued that the impurities and defects may lead to the resonant tunneling in 
F-I-F junctions [19], the study on the effect of impurities on the spin-dependent transport 
in F-N-F junctions is still sparse. Another important factor, which is usually ignored in 
theories, is the effect of the effective masses of electrons in FM and normal layers. As in 
realistic hybrid junctions the electrodes are made by different ferromagnets, such as half- 
metals [19] and magnetic semiconductors [20-22], the effective mass would have significant 
effect on the transport properties. In this paper, by treating the F-N-F junction as a 
quantum-mechanical system we shall investigate the effect of nonmagnetic impurities as 
well as the effective masses of electrons in FM and normal layers on the spin-dependent 
electrical transport properties in spin-valve systems. It is found that the impurity and the 
effective mass can both lead to nonmonotonous oscillation of JMR with the incident energy 
and the thickness of the normal metal. The effective mass can enlarge the J MR effect when 
the difference between the two FM layers is small. On the other hand, if the difference is 
large, the JMR effect becomes smaller and the inverse JMR effect would appear. 

The rest of this paper is outlined as follows. In Sec. II the model which we shall adopt 
in the subsequent sections will be described and some relevant formalism will be derived. 
Sec. Ill will present the effect of nonmagnetic impurities on the junction magnetoresistance 
in F-N-F junctions, and the effect of effective masses of electrons in FM electrodes will be 
given in Sec. IV. Finally, a summary will be presented. 

II. MODEL AND FORMALISM 

Consider an F-N-F junction consisting of two ferromagnetic layers separated by a normal 
metal layer with thickness d. In a nearly-free-electron approximation of the spin-polarized 
conduction electrons, the longitudinal part of the effective one-electron Hamiltonian can be 
written as 

H = ~^^ + U(X) + [ll6{x) + 126{X ~ d)] ~ h(j) ' ° (1) 

where m* (j = 1, 2, 3) is the effective mass of an electron in three regions (Region 1: left 
FM electrode; Region 2: normal metal; Region 3: right FM electrode), respectively. The 
potential U(x) is composed of three parts: a small bias voltage V, two contact potentials 
V\ and Vi defined as U(x) = V\ for x < 0, U(x) — V2 for x > d and zero otherwise. The 
contact potentials between the ferromagnetic layers and the normal metallic layer could be 
effectively considered to be caused either by roughness of interfaces or by two equivalent, 
thin insulating layers. h(j) represents the molecular field in FM electrodes, and a is the 
conventional Pauli matrices. By assumption, h = inside the nonmagnetic normal metal. 
In FM electrodes h = or h^j is constant with relative orientation labeled by angle 9. The 
potentials induced by impurities or defects on the interfaces between the ferromagnetic and 
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nonmagnetic metal layers have been discussed in Ref. [23]. Generally speaking, the delta- 
potentials of impurities or defects on interfaces depend on three-dimensional coordinates. To 
simplify the problem and to get useful analytical results, the potentials are supposed to have 
forms of 5 potentials as shown in Eq. (1) where 7! and 72 are corresponding coefficients. 
We expect that such an approximation would not cause significate qualitative changes on 
the interested transport properties, as the motion of electrons along the transverse direction 
are not emphasized in the present approach. The schematic layout of the F-N-F junction is 
depicted in Fig. 1. Inside the ferro magnets, a two-band model will be used to describe the 
motion of spin-polarized electrons. As spin up and spin down bands are split by exchange 
interactions, the electrons with spin up and down have different energies in FM electrodes, 
and the one-electron energy is E\ x = h 2 kl a /2ml — ahi + V\ for the left FM electrode, and 
Ezx — fickle /2mg — ahji + V 2 for the right FM electrode with a — ±1 corresponding to 
a =f> i respectively. Inside the nonmagnetic normal metal layer, the one-electron energy is 
E 2x = H 2 k 2 /2m*. 

Consider an incident plane wave of spin- up electrons with unit flux in Region 1. The 
solution of the Schrodinger equation with eigenvalue E lx in the region of the left FM electrode 
can be written as 

^ = k~ 1/2 e ikl ^ x + R 7 e- ik ^ x , = Rie~ lkllX . (2) 

In the normal metal region, the eigenfunctions of H with eigenvalue E 2x are written as 

i/; 2a = A a e ikx + B ff e- ikx , a =U • (3) 

In the region of the right FM electrode, the eigenfunctions of H with eigenvalue E^ x have 
the form 

■*!>*, = C a e ik ^ x - d \ a=U- (4) 

The coefficients R^, A a , B a ,C a (a = ±1) are to be determined by properly matching ipj a 
and dipj a /dx at the interfaces x = and x = d (the boundary conditions). Owing to the 
spin conservation the spin directions are fixed as the electrons move from Regionl to Region 
2. The existence of <5-like impurity potential at the interfaces makes the derivatives of wave 
functions no longer continuous. For the simplicity we shall set m\ = m\ = ml = m first, 
and then consider the effect of different effective masses in Sec. IV. At the interface x — 0, 
the boundary condition is 

^i(O) = -02(0), ^— = ^1-02(0), (5) 

where /ii = 2 "^1 71 ■ At the interface x = d, the boundary condition is 

Md)=xMd), tm=^tm -„*(<<)], (6) 

where the rotation matrix 9X = ( C ° S sm \ \ and uo = 2 "ll 72 . In accordance with Eqs. 

y — sin I cos I J 

(2)- (6), all unknown coefficients introduced above can be obtained. The results are collected 
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in Appendix, where the quantities qA= —J) = q 2 (= — I) = 1 should be taken due to the 
assumption of the same effective masses here. (The case qi ^ q 2 will be discussed later.) In 
comparison to the results in F-I-F junctions as discussed by Slonczewski [10], our equations 
(3), (5) and (6) for F-N-F junctions with impurities are quite different. It is these differences 
that enable the transport properties in two kind of junctions to show different behaviors. 
The transmissivity T pa = ImJ^a^ai^a/dx) can be derived analytically 

flffi r fc3T(c31 + C§2) , Mggi+fgg) , (7) 

JpT 4(a 3 -a 4 r sin 2 1 + cos 2 § J ' { ) 

where FLy, 03, 04, C31, C32, cqi, cq 2 are given in the Appendix. T P i is valid for spin-up incident 
electrons and T p [ is valid for spin-down electrons by the same expression as Eq.(7) with 
k±t and k±i, k^ and fc 3 j interchanged. Thus the total transmissivity in the two-band case, 
T p (0) = T P i(9) + T p i(9), may be obtained. 

At zero temperature, it can be reasonably assumed that the electrons with E x near Fermi 
energy Ep carry most of the current. With this assumption and by summing the charge 
transmission over E x and kii for the occupied states in the usual manner [24], one can find 
the conventional expression of surface conductance at a small bias voltage 

G{0) = V = 2^ EfT ^ (8) 
where m\ = m* 2 = m\ = m. The junction magnetoresistance (JMR) is defined as usual 

which reflects the relative change of the conductance with respect to the different orienta- 
tion of magnetic moments in FM electrodes, an quantity being measurable experimentally. 
Within the framework of the above formalism, one may investigate the effect of nonmag- 
netic impurities and the effective masses of conduction electrons on the conductance in 
F-N-F junctions. 



III. EFFECT OF NONMAGNETIC IMPURITIES 

To investigate the effect of nonmagnetic impurities on the conductance of F-N-F junc- 
tions, we have to make proper assumptions. First, we take m\ = m\ = = m, and suppose 
the two FM electrodes the same, i.e. \h L \ — \h R \ — h. Then, without loss of generality the 
coefficients of 5-like impurity potentials at the interfaces are taken as 71 = 72 = 7. We have 
found that 71 7^ 72 does not alter qualitatively the behaviors observed. The Fermi energy 
of the normal metal layer is assumed to be the same as in FM electrodes. 

We find that the conductance depends strongly on the relative orientation of magnetiza- 
tions of FM electrodes, as shown in Fig.2. It is observed that for given d (the thickness of 
the normal metal layer) and 7 (the amplitude of the impurity potential), the conductance 
is the largest at 9 — 0, while at 9 = it the conductance reaches the smallest, resurging 
the spin-valve effect. However, one may note that the conductance is not zero as 9 = ir, 
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indicating the spin- valve effect is imperfect. This is because in the two-band model the spins 
in the left FM electrode are not perfectly polarized, there is a portion of electrons with spin 
down at the Fermi level available, leading to a small current flowing through the junction 
even if the magnetizations in two FM electrodes are antiparallel, a result quite close to the 
realistic situation. With increasing 9 to n the conductance G(9) is monotonically decreasing, 
while JMR(9) is monotonically increasing. In experiments, people are usually interested in 
the quantity JMR = JMR{9 = ir). Without particular specification the J MR refers to 
JMR(it) hereafter. 

The effect of impurity on the conductance is shown in Fig. 3 for 9 = it/ 3 for an exam- 
ple. One may see that at a given Fermi energy (e.g. E F = 2.beV) with increasing 7 the 
conductance G is first decreasing to a minimum, then increasing to a maximum, and then 
decreasing to zero. When the energy barrier produced by impurities is high enough, the 
conductance tends to zero, which is quite reasonable in physics, because in this situation 
the electrons cannot overcome the impurity-barrier to tunnel through the junction. It is 
interesting to note that G has a maximum at a certain value of 7, suggesting that the reso- 
nant tunneling occurs in this case. This could be viewed as a kind of the impurity-induced 
resonant tunneling. As the impurity potentials in our model are simulated by the double-5 
potential barriers, in the region of normal metal layer there might be some quasi-bound 
states under certain conditions. The appearance of the quasi-bound states is a consequence 
arised from both the double-5 potential barriers at two interfaces and the quantum size effect 
of the middle metal film. When the incident energy of electrons matches approximately the 
level of the quasi-bound states, the resonant tunneling occurs, manifested by the occurrence 
of the peak of the conductance versus 7. For other values of Ep, the conductance has the 
similar behaviors, in spite of positions of maxima being different. From Fig. 3, one may 
observe that the conductance is oscillating with the Fermi energy. 

We also study the JMR versus 7, as shown in Fig. 4. It is seen that the JMR is non- 
monotonous increasing with 7. At low Ep (e.g. 2AeV) the JMR shows one peak, and 
with increasing Ep (e.g. 2.6eV) the JMR has two peaks. When Ep takes a larger value 
(e.g. 2.7eV) only one peak of the JMR is left, which is a consequence of the conductance 
oscillating with the Fermi energy, leading to that the resonant positions of the JMR de- 
pends strongly on the magnitudes of Fermi energies. At larger 7, the JMR saturates to a 
constant. Furthermore, one may observe that the JMR is negative for some low 7 and low 
Ep. This is not difficult to understand by noting the fact that the spin- up and spin-down 
electrons in Region 1 have the same incident energies but with different wave vectors, and 
the transmissivity T pa {9) is oscillatory increasing with increasing Ep. At some regimes of 
low 7 and Ep, it is found that T pT (0) - T pT (tt) > but T pi (0) - T pi (vr) < 0, while the 
absolute value of the latter is greater than the former, resulting in that the conductance 
G of parallel alignment of magnetizations is smaller than that of antiparallel alignment at 
some low E F and 7, which finally gives rise to the negative JMR. This is actually a result 
of the two-band model. The JMR is oscillating with the Fermi energy, as shown in Fig.5. 
When 7 = 0, the JMR is symmetrically oscillating with respect to zero axis. This can be 
readily understood by taking the two-band feature into account. With increasing 7, the 
JMR becomes asymmetrically oscillating with more oscillating peaks. Such behaviors are 
closely related to the quasi-bound states induced by impurity barriers. If Ef is very large, 
the spin-dependent effect will be smaller, leading to the JMR approaching to zero with 
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increasing Ef. 

The dependence of the JMR on the thickness of the normal metal layer is depicted in 
Fig. 6. It can be seen that the JMR is oscillating with the thickness d. In absence of the 
impurity potential, the JMR is symmetrically oscillating with increasing the thickness with 
one oscillation period. This phenomenon can be of quantum origin, and more specifically, 
of the quantum-size effect, which has been noted before for the GMR in a one-band model 
[25] and in double tunnel junction structure [16]. With increasing 7, the oscillation period 
becomes two, which is closely related to the impurity-induced resonant tunneling or the 
quasi-bound states. It is interesting to note that the positive and negative JMR effect was 
also found in the giant magnetoresistance of F-N-F system [25], as well as in N/F/I/F/N 
structure [26]. 



IV. EFFECT OF EFFECTIVE MASSES 

Now we turn to consider the case that the electrons in the three layers have different 
effective masses. The solutions of Schrodinger equation have the same forms as Eqs. (2) - 
(4). However, the boundary conditions are changed. At the interface x — 0, it is 

M0)=M0 y,^l- qi d -m = flM0) , (io) 

and at the interface x — d, it becomes 

ax ax 

Recall that q 1 = q 2 = ^|, H\ = ^f 1 , and fx 2 = ^jf 1 - Note that q 1 ^ q 2 and ^ ^ fx 2 
here. The coefficients contained in the wave functions are given in the Appendix. As the 
effective masses are different in three regions, the transmissivity, according to its definition 
Tpi = Js/j'i = ^(ImE.C^/^)), has the form of 

pT m*A(a 3 -a 4 y [ sin 2 f + cos 2 f l ' 1 J 

T p ± has the same expression as Eq.(12) but with k^ and ki^, k^ and interchanged. The 
total transmissivity in the two-band case is still T p (9) = T p ^(8) + T p j_(#). The conductance 
G{6) and the JMR are also defined as Eqs. (8) and (9). To investigate the effect of the 
effective masses of electrons on the transport properties in F-N-F junctions, in the following 
we shall assume the same values of parameters (except for qi 7^ q 2 and fii 7^ /i 2 ) as those in 
Sec. III. In this case, the wavevectors are different for different effective masses. 

The 7- and ^-dependences of the conductance G for different effective masses are 
plotted in Figs. 7 (a) and (b), respectively, where we have taken as a scale for effective 
masses. It is seen that compared with Fig. 3 the effect of the effective masses on the 
conductance versus 7 and Ep is quite dramatic. From Fig. 7(a) one may observe that for 
a given m\ the conductance G versus 7 is monotonous decreasing for smaller 7713 but shows 
resonant peaks for larger m^, namely, when the ratio m\/m^ is larger, the conductance versus 
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7 shows no resonant peaks, implying that the effect of the effective masses smears out the 
impurity-induced resonant tunneling, while m\/ml is near unity, the sharp peak appears in 
the curve of G vs. 7, and the impurity-induced tunneling recovers. This observation might 
be related to the quasi-bound states induced by impurities. The conductance G versus the 
Fermi energy is oscillating, but the behavior is quite different for different effective masses, 
as shown in Fig. 7(b). There are two notable characters about G varying with the Fermi 
energy, namely, the oscillating amplitudes of G for m^/m^ = 1 are always larger than those 
for m\jm\ 7^ 1, and the conductance is increasingly oscillating with increasing the Fermi 
energy. 

In order to figure out the effect of the effective masses on the JMR, we plot the J MR 
versus for different m*'s, as shown in Fig. 8, where we have taken 7 = for simplicity. 
It is seen that the JMR exhibits maxima when the condition m* ps m^ is satisfied, which is 
clearly illustrated in the inset of Fig. 8, where the contour plot for the maximum JMR in 
the mj-mj plane is presented. Away from this condition, the JMR is sharply increasing for 
smaller m* 3 and decreasing for larger m* 3 . This result shows that to get larger JMR one may 
do the best to choose those ferromagnetic metals with almost the same effective masses of 
electrons to fabricate the two FM electrodes in a spin-valve. The smaller the difference of 
the effective masses in the two FM electrodes has, the larger the JMR is. 

We have also studied the thickness of the normal metal dependence of the JMR for 
different m\ and m* 3 , as depicted in Fig. 9, where we have taken 7 = 0. In comparison 
to Fig. 6, one may find that different effective masses would lead to different oscillating 
behaviors of the JMR. In the upper panel of Fig. 9 where mi = 0.05, with increasing m\ 
the periodic oscillations of the JMR with kpd becomes quite different, and when m 3 > 1 
the JMR becomes negative. In the middle panel of Fig. 9 where m\ = 1, one may find that 
except ml ~ m\ the oscillation amplitudes are much suppressed as the ratio m\jm\ is much 
larger or smaller than one. In this case the JMR is negative when m\ is smaller. In the 
lower panel of Fig. 9 where m\ = 10, the situation is just opposite to the case in the upper 
panel, namely, with increasing 777,3 the oscillating JMR becomes positive from negative. It 
appears that the sign of the JMR is primarily controlled by m\. As mentioned above, the 
cause for the oscillation of the JMR with the thickness of the normal metal layer stems from 
the quantum-size effect, while the oscillation period and amplitude are remarkably affected 
by the effective masses of electrons, i.e. m\ and m\. 

To get the knowledge of the resultant effect of both impurity and effective masses on the 
JMR, we present the results shown in Figs. 10. It is observed that for a given m\ = 0.05 the 
JMR is increasing to a maximum due to the impurity- induced tunneling, then decreasing 
to a minimum, and then increasing to saturate with increasing 7, and those maxima and 
minima are decreasing with increasing 777,3, as shown in Fig. 10 (a). With slightly increasing 
m*, the behaviors of the JMR versus 7 and m^ are not altered so much, but the resonant 
positions are changed for different m^'s, as presented in Fig. 10 (b). When m\ is larger 
(e.g. m\ = 5), the situation changes. Though the behaviors of the JMR versus 7 are 
qualitatively similar for m* z < 1, two dips appear for wij > 1, and those maxima and minima 
are increasing with increasing 7773, as given in Fig. 10 (c). It is indicated that even in the 
presence of impurities the difference of the effective masses between the left and the right 
FM electrodes would yield dramatic effect on the behaviors of the JMR. To obtain larger 
JMR, the proper ratio m\jm\ should be carefully chosen. 
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V. SUMMARY 



Based on a two-band model in this paper, we have investigated the effects of nonmag- 
netic impurities and effective masses of electrons in FM and normal metallic layers on the 
spin-dependent transport in a F-N-F hybrid structure by treating the system as a quantum- 
mechanical system. It is observed that both impurities and effective masses have remarkable 
effects on the conductance and the JMR as well. The spin- valve effect, though imperfect 
due to the two-band feature, is recovered for low impurity barriers, while it becomes less 
obvious for high barriers. The so-called impurity-induced resonant tunneling is clearly seen 
in the F-N-F system. The reason for this property is that the quasi-bound states induced by 
impurities are formed in this system, and if the incident energy meets with the quasi-bound 
energy, the resonant tunneling occurs, leading to peaks observed in the curve of the conduc- 
tance versus the amplitude of the impurity potential. It is found that the JMR is oscillating 
with the amplitude of the impurity potential, the incident energies of electrons, as well as the 
thickness of the normal metallic layer. The impurity is also observed to influence remarkably 
the oscillating amplitudes and periods of the J MR. The effective masses of electrons in the 
three layers were found to have significant effects on the conductance and the J MR. It is 
demonstrated that the difference between the effective masses would tend to suppress the 
amplitudes of the conductance, namely, the larger the difference, the smaller the amplitude 
of the conductance. In other words, a smaller difference of the effective masses in the two 
FM electrodes would give rise to a larger amplitude of the JMR, suggesting that to get 
larger JMR one ought ot choose those FM materials with almost identical effective masses 
of electrons. We have also found that the effective masses affect considerably the oscillat- 
ing periods, amplitudes, as well as the positions of resonant peaks of the JMR. Recently 
magnetic semiconductors are used to be the injector of electrons in both resonant tunnel- 
ing diodes [20] and light-emitting diodes [21]. Magnetic semiconductor has both properties 
of semiconductor and ferro magnet, and in these systems the effective mass of conduction 
electrons would have considerable effect on the transport properties. Therefore, our above 
discussion would be meaningful, and the reported results could be examined experimentally. 
Here we would like to point out that although we do not incorporate factors like spin-flip 
scatterings from magnons and magnetic impurities, as well as the spin accumulation, our 
obtained results are expected to shed some useful light on the spin-dependent transport in 
F-N-F hybrid junctions. How to develop a microscopic theory which includes properly the 
effects of correlations between electrons, is a challenging issue, which is now in progress. 
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APPENDIX 



In this Appendix, the coefficients introduced in solving the Schrodinger equations in Sees. 
II and IV are collected here without giving detail derivations. 



where 



R _ /rl/2 c 3 c 4 + cic 6 tan 2 f r = fc-V 2 tail g C2 ° A ~ Cl ° 5 
T 1T C3C5 + c 2 c 6 tan 2 § ' 1 1T 2 c 3 c 5 + c 2 c 6 tan 2 | 



A T = i[(aj + l)fcr T 1/2 - (ai " W ^1 = ^(1 - 02)^, 



fi T = - a ;)fcr T 1/2 + (ai + W = ^(1 + « 2 )^; 



2(a 3 — a 4 ) sin I ' 2(a 3 — a 4 )cos| 



ci = en + ici2, c 2 = c 2 i + ic 22 , c 3 = c 3 i + ic 32 , 
c 4 = c 4 i + ic 42 , c 5 = c 5 i + ic 52 , c 6 = c 6 i + ic 62 , 

c n = 2[ ^- glg2fclT cos(fcd) _ ^LZi^ sinW ], 

C12 = 2[( — 1) sin(fcct) H cos(fc<i)J, 

fc g 2 /cg 2 



C21 = -2[ ^- cos(A;d) + £ S m(A;d)], 

c 22 = 2 (— — ^ 1" 1) sinf/cd) cos(fcd) , 

fc 2 g 2 ^g 2 



fc<? 2 fc 2 g 2 

c 3 2 = -2 (— — ^ !) sin(fccf) cos(fcd) , 

ft 2 g 2 



c 41 = 2[ fc3T " glg2fclT cos(fcd) _ gi^fciT ~ /xifc 3T sinM]; 

c 42 = 2 ( — 1) sinf/cd) H ; cos(fcd) , 

A; 2 g 2 /cg 2 
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= - 2 [ fc 3t + g lg2 fc 1T cq + ^ qi +^ 
kq 2 k 2 q 2 

= 2 ( — h 1) sniffed) cos(fcd) , 

fc 2 <?2 kq 2 

2[M±^li cos(A;rf) + MugL+Mgt sin( ^ )]; 

fc<?2 « <?2 

_ fc 3T Ml-^2 + 1} gin(A;rf) _ gig + & cos{M)i 

k 2 q 2 kq 2 

01 " k ' ° 2 " k ' 

a 3 = — , a 4 = — . 

kq 2 kq 2 
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FIGURE CAPTIONS 

Fig.l The schematic layout of the F-N-F hybrid junction. 
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Fig. 2 The relative orientation (9) dependence of the conductance for different 7 [in atomic 
unit (au)], where E F = 2.7eV, \h L \ = \h R \ = 1.9eV, V 1 =V 2 = 0.06 eV, H = 1, m = ml = 

m 2 — m 3 — 1 an d d — 30 A. 

Fig. 3 The 7-dependence of the conductance G for different Fermi energies, where 9 = it/ 3. 
The other parameters are chosen the same as in Fig.2. 

Fig. 4 The 7-dependence of the J MR for different Fermi energies, where the parameters 
are chosen the same as in Fig.2. 

Fig. 5 JMR as a function of E F for different 7's. The parameters are chosen the same as 
in Fig.2. 

Fig. 6 The thickness dependence of the J MR for different 7's. The other parameters are 
chosen the same as in Fig.2. 

Fig. 7 (a) The 7-dependence of the conductance G for different effective masses; (b) 
The ^-dependence of the conductance G for different effective masses, here 7 = 0. Both 
9 — 7r/3, fflj = 1, d — 50 A, and the other parameters are chosen the same as in Fig. 2. 

Fig. 8 The mg-dependence of the JMR for different m*'s, here m* 2 = I and 7 = 0. Inset: 
The contour plot for the maximum JMR in ml-m^ plane. The other parameters are chosen 
the same as in Fig. 2. 

Fig. 9 The thickness dependence of the JMR for different effective masses, where m* 2 = 1, 
7 = 0, and the other parameters are chosen the same as in Fig.2. 

Fig. 10 The 7-dependence of the JMR for different 777,3 's, where m* 2 — 1, and the other 
parameters are chosen the same as in Fig.2. (a) m\ = 0.05; (b) ml = 0.5; (c) ml = 5. 
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